This study investigated whether inhibition of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase attenuates cerebral infarction after transient focal ischaemia in rats. Focal ischaemia (1.5 h) was produced in male Sprague-Dawley rats (250 -280 g) by middle cerebral artery occlusion. Some rats also received treatment with 50 mg/kg apocynin, a NADPH oxidase inhibitor, by intraperitoneal injection 30 min prior to reperfusion. Two hours after reperfusion, brains were harvested to measure NADPH oxidase activity and superoxide levels. After 24 h, the remaining brains were harvested to investigate infarct size. NADPH oxidase activity and superoxide level were all augmented 2 h after reperfusion compared with controls. Apocynin treatment significantly reduced NADPH oxidase activity and superoxide levels. Cerebral infarct size was significantly smaller in the apocynin-treated group compared with those undergoing ischaemia/reperfusion alone. These results indicate that inhibition of NADPH oxidase attenuates cerebral infarction after transient focal ischaemia in rats, suggesting that inhibition of NADPH oxidase may provide a therapeutic strategy for ischaemic stroke.
Introduction
It is well established that there is excessive production of reactive oxygen species, especially superoxide, in brain tissue after ischaemic stroke. 1,2 Therapeutic strategies focusing on the elimination of superoxide have been developed in animal ischaemic models and in clinical cases, but the effects of such reagents are still unclear. Reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is a principal enzyme for the production of superoxide. 3 It is expressed in both neural and non-neural cell types of the central nervous system. 4,5 A recent study showed that NADPH oxidase activity in penumbral brain tissue after stroke was increased, 6 suggesting it may play an important role in neuronal damage and contribute to infarct enlargement.
Apocynin (4-hydroxy-3-methoxyacetophenone) is a selective NADPH oxidase inhibitor. In this study, we investigated whether apocynin attenuates cerebral infarction in a rat ischaemia model.
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Materials and methods
EXPERIMENTAL PROTOCOL
Male Sprague-Dawley rats weighing 250 -280 g were housed under diurnal lighting conditions. They were divided into three groups: controls, those undergoing ischaemia/reperfusion alone, and those undergoing ischaemia/reperfusion with apocynin treatment.
Rat brains were harvested for the measurement of NADPH oxidase activity and superoxide levels 2 h after reperfusion. The remaining rats were killed after 24 h in order to measure infarct size.
All experiments were performed in compliance with the Zhejiang University institutional guidelines for the use of animals in research.
ISCHAEMIA/REPERFUSION PROCEDURE
The ischaemia/reperfusion procedure used was an experimental model of middle cerebral artery (MCA) occlusion. Rats were anaesthetized with 375 mg/kg chloral hydrate intraperitoneally. After being placed on a heated surgical table, the left external carotid artery was ligated and isolated by a 6-0 silk suture after a midline incision. A nylon monofilament (4-0) was inserted into the internal carotid artery through the isolated external carotid artery stump and advanced up to the origin of the MCA (18.5 -19.0 mm from the bifurcation). After 1.5 h occlusion, rats were re-anaesthetized and reperfusion was accomplished by careful withdrawal of the monofilament. The isolated external carotid artery stump was ligated. Free access to food and water was allowed after recovery from anaesthesia.
In the apocynin treatment group, 50 mg/kg apocynin (Sigma Chemical Co., St Louis, MO, USA) was administered by intraperitoneal injection 30 min before reperfusion.
NADPH OXIDASE ACTIVITY ASSAY
The NADPH oxidase activity in brain tissue was measured as described previously. 7 Briefly, after the rats were killed, brain tissue from the infarcted area was collected and homogenized in 10 volumes of ice-cold Tris-sucrose buffer and enzyme activity was determined using the cytochrome c assay with or without superoxide dismutase.
MEASUREMENT OF SUPEROXIDE LEVELS
Rats were killed by transcardial perfusion with 100 ml of 0.9% NaCl and the brains were harvested. Brain tissues from the infarcted area were embedded in tissue freezing medium (50 mmol/l Tris-buffered saline, pH 7.4), frozen, cut into 30 µm thick sections and placed on glass slides. The sections were then exposed to 10 µmol/l 2′,7′-dichlorodihydrofluorescein diacetate in 100 mmol/l phosphate-buffered saline (pH 7.4) and slides were incubated in a lightprotected humidified chamber at 37°C for 30 min. Fluorescence emitted at 530 nm and excited at 480 nm 8 was observed using an Olympus BX51 fluorescence microscope (Olympus, Center Valley, PA, USA) equipped with a digital camera. The captured fluorescent images were quantified using densitometry.
EVALUATION OF INFARCT SIZE
After an overdose of pentobarbital, rats were killed by decapitation. The brains were quickly removed and placed in ice-cold saline for 5 min and then cut into 2 mm coronal slices. Sections were incubated in a 1% solution of triphenyltetrazolium chloride (TTC) in physiological saline at 37°C for 15 min in an oscillating water bath, and then in 10% formaldehyde solution. The infarct area and hemisphere area of each section were traced and quantified using an image LL Tang, K Ye, XF Yang et al. Apocynin and cerebral infarction after transient focal ischaemia in rats analysis system (SigmaScan ® Pro5, Systat Software Inc., San Jose, CA, USA), and the infarct volume expressed as a percentage of the contralateral hemisphere. 9
DATA ANALYSIS
All results were expressed as the mean ± SE. Statistical comparisons were made using analysis of variance. A P-value < 0.05 was considered to be statistically significant.
Results
A total of 36 rats were used in the study. Of these, six were controls, 15 underwent ischaemia/reperfusion alone and 15 underwent ischaemia/reperfusion with apocynin treatment. Eight rats in each surgery group were killed 2 h after ischaemia/reperfusion and NADPH oxidase activity and superoxide levels were measured. All remaining rats were killed 24 h after surgery.
The NADPH oxidase activity in the infarcted area was significantly enhanced compared with that in normal brain tissue and this was significantly attenuated by apocynin treatment (Table 1) .
Representative images showing superoxide in situ fluorescence staining from each group are shown in Fig. 1 . The intensity of fluorescence was significantly increased in the infarcted area compared with control brain tissue. Apocynin treatment significantly decreased the fluorescence intensity in the infarcted area (Table 1) .
Representative samples of TTC-stained brain sections are shown in Fig. 2 . The mean infarcted volume expressed as a percentage of the contralateral hemisphere is given in Table 1 ; apocynin treatment significantly decreased the infarct volume.
Discussion
A growing body of evidence suggests that reactive oxygen species, such as superoxide, contribute to neuronal damage during the early phases of reperfusion. 10, 11 The interaction of superoxide with nitric oxide results in the production of peroxynitrite, one of the most harmful reactive oxygen species that causes neuronal tissue damage. 8 The enzymatic sources for superoxide formation are NADPH oxidase, xanthine oxidase and uncoupled nitric oxide synthase. 3, 12 It is well documented that humoral factors such as angiotensin II and inflammatory cytokines can increase NADPH oxidase activity. 13, 14 Furthermore, there is a rise in inflammatory cytokines following the onset of ischaemia, which can persist for up to 2 days following the insult. 15 In a rat model of cerebral ischaemia, tumour necrosis factor-α, interleukin-1β and interleukin-6 were similarly elevated for at least 24 h in areas far removed from the primary site of the ischaemic infarct. 16 Such observations may be indicative of a systemic inflammatory response occurring during the early stages following cerebral ischaemia, leading to upregulation of NADPH oxidase activity. In line with this previous finding, the present study also indicated that NADPH oxidase activity was increased after ischaemia and reperfusion. Consistently, superoxide was also enhanced after ischaemia and reperfusion. Thus, the increase in NADPH oxidase activity may contribute to the enhancement of superoxide in the infarct area and NADPH oxidasemediated superoxide production may play a crucial role in the pathogenesis of ischaemic brain injury.
NADPH oxidase
Apocynin is a methoxy-substituted catechol derived from the root extract of the medicinal herb Picrorhiza kurroa and has been shown to confer protection in animal models of ischaemia/reperfusion-induced lung injury. 17, 18 These protective effects were attributed to the ability of apocynin to inhibit NADPH oxidase by reacting with thiol groups required for enzyme assembly and then preventing the generation of reactive oxygen species. In the present study, apocynin was administrated intraperitoneally 30 min prior to reperfusion. Treatment with apocynin significantly decreased NADPH oxidase activity and reduced the superoxide level, in addition to attenuating significantly the size of the infarct.
In conclusion, the results of the present study suggest that NADPH oxidase-mediated superoxide plays an important role in the pathogenesis of brain injury and that inhibition of NADPH oxidase by apocynin can attenuate brain injury following experimental ischaemic stroke.
